We have used telomeric DNA to break two acrocentric derivatives of the human Y chromosome into mini-chromosomes that are small enough to be sizefractionated by pulsed-field gel electrophoresis. One of the mini-chromosomes is about 7 Mb in size and sequence-tagged site analysis of this molecule suggests that it corresponds to a simple truncation of the short arm of the Y chromosome. Five of the mini-chromosomes are derived from the long arm, are all rearranged by more than a simple truncation, and range in size from 4.0 Mb to 9 Mb. We have studied the mitotic stabilities of these mini-chromosomes and shown that they are stably maintained by cells proliferating in culture for about 100 cell divisions.
We would like to define the sequence requirements for human chromosome function, to develop chromosome-based vector systems and to understand chromosome behavior during cell division. Telomeres are the one cis-acting functional component of human chromosomes that have been cloned and shown to function upon re-introduction into human cells (1, 2) . This created the possibility of using telomeric DNA to systematically winnow down a functional human chromosome into mini-chromosomes, which would help define the minimal size and sequence composition consistent with accurate mitotic segregation and regular replication (3) .
The Y chromosome is among the best characterized in the human karyotype (4) . We have therefore used telomeric DNA to engineer mini-chromosome derivatives from the human Y chromosome. This has involved three rounds of telomeredirected chromosome breakage (summarized in Fig. 1 ). In the first (5), we targeted telomeric DNA to the centromeric array of alphoid DNA in each of the two possible orientations. This generated a pair of acrocentric derivatives. One of these, AYq74, was composed of Yp, 140 kb of alphoid DNA, and the breakage construct; the other, AYp134, was composed of Yq, 550 kb of alphoid DNA, and the breakage construct. Both segregated accurately at mitotic anaphase, although AYp134 showed occasional aberrant anaphase movement. These results suggested that alphoid DNA is sufficient for accurate chromosome segregation but that other sequences may be required for full centromere function. Here we describe the second and third round of telomere-directed chromosome breakage.
MATERIALS AND METHODS
Pulsed-field gels were run in 0.5 TAE as described in ref. 6 . Gels to size-fractionate mini-chromosomes were of 0.5% agarose (Sigma; low electro endo osmosis) and were run with a voltage gradient of 0.75 V/cm-1 across the gel at 5°C for 14 days with a pulse time of 2 h. Cells were embedded in agarose plugs at a concentration of 107/ml. Blotting was to Genescreen (DuPont) membranes in 10 x SSC overnight. Membranes were baked for 1 h at 80°C in vacuo and then irradiated with pre-calibrated UV light at 250 nm to fix the DNA onto the nylon. Hybridization and washing were as described (5) . Typ- ically we used probes labeled to 2 x 105 dpm/ng DNA at a concentration of 10 ng/ml in the hybridization solution. Hybridization was for between 14 and 18 h at 68°C and the washed filters were then exposed to Fuji-RX x-ray film for up to 14 days at -70°C. The probes were all as described in ref. 5 with the exception of the 0.7 kb HindIII-EcoRV fragment of pSVgpt (7) which we used as the gpt probe.
The svgpt gene is described in ref. 7 , the hygromycin phosphotransferase thymidine kinase fusion gene in ref. 8 , and the S. cerevisiae ADE2 gene in ref. 9 . We used hygromycin B at 200 ,tg/ml, hypoxanthine/aminopterin/thymidine (HAT) at 100 ,tM hypoxanthine/0.4 ,tM aminopterin/16 ,uM thymidine and 6-thioguanine (6-TG) at 5 ,ug/ml. Cells were cloned by two (AA2) or three rounds of single colony isolation prior to stability analysis. All other materials and methods are described in ref. 5 .
RESULTS
Strategy and Screens. Targeted breakage during the first stage of the experiment was inefficient (5). We have therefore used random telomere-directed chromosome breakage for the second and third rounds of truncation. We have introduced a plasmid, gptADE2TEL (Fig. 1B) , into Chinese Hamster Ovary cells containing either AYq74 or AYpl34 and selected clones that were either G418r, HATr, DXYS20-or G418r, HATr, DYZ1-, respectively, using filter hybridization to colony lifts of CHO hybrid cells as described (5) . This generated four mini-chromosomes: Al, A7, A128, and A196 (Fig. 1A) .
The gpt gene can be counter-selected using 6-TG and so we carried out a third round of breakage using HyTkADE2TEL (Fig. 1B ) selecting for cells with 6-TG, G418, and hygromycin. This produced two further mini-chromosomes; AA2 and AA8 (Fig. 1A) chromosome sequence content of the clones c( tonomous chromosomes using filter hybridizati into a simple nested set (results not shown). In however, the repeated sequences DYZ5 (4) o phoid) were rearranged and these clones were e subsequent study. We analyzed the remaining se pulsed-field gel electrophoresis (PFGE) and fill tion ( Fig. 2A) (10) . The Al cannot be sized accurately because it is bigger th S. pombe chromosome. However, the size fracti acteristics of the gels (6) that 9 of the 13 mini-chromosomes were identical (not shown). We therefore analyzed one (A113) and the four other chromosomes (A7, A128, A194, and A196) by PFGE and filter hybridization with the alphoid, neo, and gpt probes (Fig. 3A) . All of the chromosomes were size fractionated and, as expected, hybridized to the first round breakage construct probe (neo) and the alphoid probe. Chromosomes A7, A128, and A196 also hybridized to the gpt probe. These chromosomes were therefore candidates for AYp134 derived chromosomes that had been truncated a second time by cloned telomeric DNA. A7 and Al128 were close to the size of chromosome 1 of S. pombe and were only 6 Mb in size. A196 was too large to be accurately sized but seems likely to be around 9 Mb given the separation characteristics of the gel. Analysis of conventional digests using the approach described above showed that there is a single telomeric copy of the second round breakage construct in each of these mini-chromosomes and that the first round construct is still telomeric (not shown). The results of Fig. 3A , however, suggested that the structure of the alphoid DNA in these chromosomes had been rearranged because DNA from equal numbers of cells was loaded in each of the four tracks, but the amount of hybridization to the alphoid probe is variable. To examine the nature of rearrangements we first compared the structure of the alphoid DNA in these lines with that in the starting line AYp134. We digested DNA extracted from each of the lines with BamHI; an enzyme that does not cut within the alphoid array on the Y chromosome, size fractionated the digests by PFGE, filter transferred, and hybridized the filter with a neo probe specific for the first round breakage construct and with an alphoid probe (Fig. 3B) . The results confirmed that the structure of the alphoid DNA array has rearranged in A7, A 113, A128, and A196 with respect to the starting line AYp134. The size of the alphoid DNA array in A7, A113, and A128 was reduced from 550 kb to 110 kb in size and had become separated by at least one BamHI site from the first round breakage construct that was present on a BamHI fragment less than 50 kb in size. In A196, the alphoid DNA appears to have been partially duplicated with only one of the two blocks in this line remaining associated with the first round breakage construct detected by the neo probe. Further evidence for rearrangement in these lines was provided by mapping the sequence content of these chromosomes (Fig.  4B) . Most of the proximal long arm extending from sY79 to sY129 was deleted from A7 and A128, whereas A196 retained from sY78 to sY102. These results show that A7, A128, and A196 are derived from the Y chromosome by more than a simple pair of truncations. It is difficult however to interpret these data in terms of any simple pattern of rearrangement because several of these STSs are repeated and dispersed along the Y chromosome. In light of this uncertainty, we therefore used a total human genomic DNA probe and fluorescent in situ hybridization to show that in the A7, A128, and A196 lines the human DNA was localized on a mini-chromosome (Fig. 3C) DNA extracted from each of the indicated cell lines was size fractionated by PFGE as described. The gel was then stained with ethidium bromide, photographed, and analyzed by filter hybridization with the indicated probes. The gel consisted of two identical panels of which one was analyzed first with the neo probe and then the alphoid probe and the other panel was hybridized with the gpt probe. (B) Analysis of alphoid DNA on the Yq derived mini-chromosomes. DNA from each of the indicated lines was restricted with BamHI and then size-fractionated by PFGE together with multimers of phage A DNA. The gel was filter transferred and hybridized to a neo probe mixed with a small amount of radiolabeled A DNA (left), and then hybridized to an alphoid probe. (C) Analysis of long arm derived mini-chromosomes using fluorescence in situ hybridization. Metaphase chromosomes from the A7, A28, or A196 cell lines were hybridized in situ to biotin-labeled total human male DNA. Hybridized DNA was detected using fluorescein-labeled avidin. The chromosomes were then counterstained with DAPI and propidium iodide and photographed through an epifluorescent microscope. The mini-chromosome is the small DAPI stained object (left) corresponding to the yellow object in the same position (right). No other human DNA was detected in any of these lines (x 1900).
result of an inaccurate segregation event early in the culture of this clone. To check for the possibility that these long arm derived mini-chromosomes had incorporated hamster DNA during the rearrangements that appear to have occurred during their generation we also analyzed them by fluorescent in situ hybridization using both total hamster DNA and hamster Cotl DNA as probes. No hamster DNA was detectable on these mini-chromosomes. We have also recovered DNA sequences flanking the constructs at the neo end of A7 and shown that they derive from the human Y chromosome.
Long Arm Derived Mini-Chromosomes Produced by Three Rounds of Telomere-Directed Chromosome Breakage. We used the linearized plasmid HyTkADE2TEL (Fig. 1B) for a third round of telomere-directed breakage and isolated 12 A128 derived clones of which 2, AA2 and AA8, contained chromosomes, which at 4.0 Mb and 4.5 Mb in size (Fig. 5) were smaller than the starting A128 chromosome and that were further deleted for sequences present in A128 (Fig. 4) . Further analysis showed that both the AA2 and AA8 mini-chromosomes had been truncated by the third round construct (not shown). Seven of the remaining clones contained mini-chromosomes that were similar to A128 in size and that may have been broken very close to the gpt gene or have inactivated the gpt gene by mutation or by an epigenetic mechanism. The remaining three clones had lost a detectable mini-chromosome. It is surprising that although AA2 is only about one-half the size of the starting chromosome A128, AA2 is deleted for only 6 of the 31 STSs present on A128. This may reflect the fact that many of the STSs in this set are repeated and the possibility that some sequences were duplicated during the rearrangement, which gave rise to the precursor of A128.
Stability of Mini-Chromosomes upon Prolonged Mitotic Proliferation. Do mini-chromosomes small enough to be sizefractionated by gel electrophoresis segregate accurately at mitosis and are they retained by cells proliferating in culture?
We first used whole cell in situ hybridization (5) to analyze the behavior of Al at mitosis. In the 1066 cells scored, more than 99% ofthe cells contained mini-chromosomes segregating either 1:1 or 2:2. As measured by this assay the segregation of this minichromosome Al was comparable to that of the starting Y chromosome or the precursor chromosome AYq74 (5).
Next we examined the stability of Al, A7, A196, and AA2 on prolonged culture in the presence and absence of selection on the neor gene. Both the A7 and A196 contained significant numbers of cells with two chromosomes suggesting the occasional inaccurate segregation event; however, the results of gel electrophoretic analysis (Fig. 6 ) and cytogenetic studies ( Cell lines containing either Al, A7, A196, or AA2 were cultured for the indicated time in the absence or presence of 100 ,g/ml of G418. Metaphase chromosomes were analyzed by fluorescence in situ hybridization using total human genomic DNA as a probe. Approximately 100 spreads at each point were analyzed. The figures in these columns represent the number of spreads of each type seen at the indicated time point. In the brackets these numbers are expressed as percentages of the total number of metaphases scored at each time point. estimated 9 Mb in size. All of the mini-chromosomes have two ends defmed by the two breakage constructs used in their construction and we therefore conclude that the minichrortosomes are linear. We have size fractionated the minichromosomes using pulsed-field gels run at both 120-min (shown above) and either 90-min (not shown) or 150-min (Chris TylerSmith, personal communication) pulse times and the relative mobilities of the mini-chromosomes and of the S. pombe markers vary consistently. These observations suggest that the minichromosomes have a simple topology and are unknotted.
We have analyzed the stability of mini-chromosomes Al, A7, A196, and AA2. All are as stable as we can reliably measure. Although the sample size is small it is striking that all of the mini-chromosomes that are derived from AYp134 have rearranged their alphoid DNA sequences. A7 and A128 were derived from distinct second round truncation events yet appear to be rearranged in similar ways. The simplest explanation for this is that there existed a rearranged precursor of both A7 and A128 in the AYp134 cells prior to the second round breakage. We noted earlier (5) that AYp134 showed evidence of aberrant centromere function as it sometimes lagged with respect to the other chromosome during mitotic anaphase. The rearrangements in the AYp134 derivative chromosomes may reflect this aberrant behavior.
Our observations may be of interest to those trying to assemble human artificial chromosomes from their constituents by recombination in S. cerevisiae. AA2 is about the size of the largest yeast artificial chromosome to have been described (Zoia Larin, personal communication) and slightly larger than the largest natural chromosome of S. cerevisiae that is variable in size but that can be as big as 2.5 Mb. It is as yet unclear whether it will be possible to use yeast to construct human artificial chromosomes, but our results suggest that size will not limit this approach.
An alternative to constructing artificial mammalian chromosomes from their constituents in yeast is to engineer mini-chromosomes directly in mammalian cells and then to shuttle them into a suitable host for further manipulation and analysis. The mini-chromosomes described here allow us to pursue this strategy and then return them to mammalian cells for functional study.
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